The purpose of this investigation was to clarify the characteristics of body temperature regulation in paraplegics due to spinal cord injury (SCI) during an arm cranking exercise in a hot environment. Twelve paraplegics with lesions located between Th3 and L1,2 and seven able-bodied subjects (AB) participated in this study. The subjects were exposed to a hot (33°C) or a moderate temperature (25°C) environment for one hour and during the last 10 min of the exposure, the subjects performed arm cranking exercises at an exercise intensity of 40 W. The skin temperatures at the chest, the upper arm, the thigh and the calf, the tympanic membrane temperature (Tty), and the skin blood flow of the thigh (SBFT) were continuously monitored during the experiment. Although no systematical variation was found in the Tty at 25°C, the Tty at 33°C in paraplegics during exercise was significantly greater than that at rest (P<0.01), which indicated a pronounced heat stress for paraplegics at 33°C. SBFT of paraplegics with high lesions of the SCI remained unchanged during the experiment at 25°C and 33°C, while paraplegics with low lesions in this study showed consecutive increases in SBFT during exercise in both environmental conditions similar to AB. The increased core temperature in paraplegics with high lesions was considered to be due to a lack of sweat response and vasomotor activity in the paralyzed area. On the basis of the findings in this study, it can be suggested that high core temperature without any increment of SBFT may be characterized as body heat balance of paraplegics with high lesions during exercise in a hot environment. J Physiol A n t h r o p o l 2 0 ( 4 ) : 2 2 7 -2 3 2 , 2 0 0 1 h t t p : / / www.jstage.jst.go.jp/en/
Introduction
In general, the core temperature of paraplegics due to spinal cord injury (SCI) increases significantly more than that of able-bodied persons during exercise and heat exposure (Attia and Engel, 1983; Downey et al., 1973 Downey et al., , 1976 Fitzgerald et al., 1990; Gass and Camp, 1984; Gass et al., 1988; Guttmann, 1976; Sawka et al., 1989; Yamasaki et al., 2000) . The increase in core temperature of a paraplegic is approximately dependent upon the level of the SCI (Gerner et al., 1992; Muraki et al., 1995; Petrofsky, 1992; Yamasaki et al., 2000) . Basically there are no sweat responses (Freund et al., 1984; Normell, 1974; Tam et al., 1978) and no vasomotor activity (Normell, 1974) in the paralyzed area, so that heat loss from a paraplegic is disturbed according to the level of the SCI. Therefore, the higher the level of the SCI, the more the core temperature increases during exercise and heat exposure.
In our previous investigation (Muraki et al., 1996b) , we demonstrated the importance of skin blood flow of the paralyzed area on body temperature regulation in paraplegics. During submaximal exercise (Muraki et al., 1995 (Muraki et al., , 1996b and even maximal exercise (Muraki et al., 1996a) , no increase in skin blood flow of the thigh (SBFT) was found in paraplegics with lesions at or above Th12 irrespective of the exercise intensity. However, SBFT in paraplegics with lesions below L1 increased proportionally with the increase in exercise intensity, if the tympanic membrane temperature (Tty) exceeded a threshold temperature of 36.69°C (Muraki et al., 1996b) . In contrast, paraplegics with high lesions showed comparatively greater Tty without any increase in SBFT (Muraki et al., 1996b) . SBFT in the paralyzed area, therefore, can be considered to be very important for heat loss from paraplegics during exercise.
In our recent study (Yamasaki et al., 2000) , we also investigated whether body temperature during heat exposure promoted SBFT in paraplegics. Paraplegics with high lesions between Th6 and Th10 showed no significant increase in SBFT, whereas paraplegics with lesions at Th11 or Th12 showed increased SBFT in a hot environment. The Tsk of the thigh increased with the time of exposure for all paraplegics. The increase in Tsk of the thigh in paraplegics with low lesions was due to increased SBFT, while in paraplegics with high lesions it was considered attributable to heat transfer from the environment to the skin. Since the relation between SBFT and Tsk of the thigh was significant for both groups, SBFT in paraplegics with high lesions might be affected by the increased Tsk of the thigh. These findings suggested that the response of body temperature and SBFT in paraplegics during a heat exposure was not necessarily the same as that during exercise. It is not clear how a combination of heat exposure and exercise affects the body heat balance in paraplegics.
The present study, therefore, examined the characteristics of body temperature regulation in paraplegics exposed to a hot environment during exercise. We focused here on the level of the SCI and SBFT in relation to body heat balance.
Materials and Methods

Subjects
The physical characteristics of the twelve male paraplegics with complete lesions who volunteered to participate in this study are shown in Table 1 . The seven able-bodied men (AB) who served as control subjects ranged in age from 22 to 48 years (mean 31.2 years), in height from 164 to 184 cm (mean 171.5 cm), and in body mass from 63.2 to 79.5 kg (mean 67.8 kg). No subject had any cardiovascular, metabolic, or pulmonary disease. Written informed consent was obtained from all subjects before their participation in this study.
Testing protocols
The subject, wearing a T-shirt and shorts, remained seated in his wheelchair or a chair for 1 hour at an ambient temperature (Ta) of 25°C and a relative humidity (Rh) of 50%. After that, the subject remained in the same room at 25°C for 1 hour or was immediately moved to a climatic chamber heated to Ta of 33°C and Rh of 50-55%. The subject was exposed to the hot environment for one hour sitting in his wheelchair or a chair. During the last 10 minutes of the exposure at 25°C or 33°C, the subject performed the arm cranking exercise at an exercise intensity of 40 W (50 rpm) using a mechanically-braked arm cranking ergometer (Monark Rehab Trainer model 881E) in the seated position.
Experiments were conducted during July, August and September when the subjects should have been naturally heat acclimated. Each subject was tested at the same time of day between 13:00 and 16:00 hour to minimize the possibility of circadian rhythm effects. The subject was asked to refrain from eating and drinking during the 2 hours immediately preceding the experiments.
Physiological variables
Tsk at 5 sites (chest, upper arm, thigh and calf) were measured once every minute using a thermocouple. Tty was recorded once every 5 minutes using an infrared thermometer (FirstTemp Genius 3000A, Sherwood Medical, St. Louis, USA).
SBFT was continuously monitored using a laser-Doppler flowmeter (ALF 21, Advance Co., Tokyo, Japan). The laser-Doppler probe was attached at the center of the anterior thigh near the measuring position of Tsk. The laser signals were recorded by a digital printer (ALF-P1, Advance Co., Tokyo, Japan). The time interval of measurement was set at 1 minute.
Statistical analysis
The last recordings during rest and exercise at each ambient temperature were utilized for data analysis for paraplegics and AB. The means and standard deviations were calculated for all variables in AB. The Wilcoxon test was used for comparison of Tsk and Tty at rest and during exercise. All P values less than 0.05 were considered significant. Figure 1 shows the Tsk of the chest at 33°C in each A  41  51  172  26  Th3  B  34  54  163  15  Th6  C  33  42  163  8  Th6  D  47  45  160  22  Th7,8  E  43  65  176  6  Th10  F  44  69  176  20  Th11  G  26  61  182  2  Th11  H  51  54  164  13  Th12  I  29  58  170  7  Th12  J  36  48  164  19  Th12, L1  K  46  54  170  18  L1  L  38  53  167  13  L1, 2 paraplegic and AB at rest and during exercise. There was a wide variation in the absolute values reached by different individuals, but they all showed the same Tsk at rest and during exercise. The Tsk of the thigh at 33°C are illustrated in Fig. 2 . Subjects A (Th3), B (Th6) and C (Th6) showed greater Tsk at the thigh than other subjects. Moreover, although seven of the twelve paraplegics showed higher Tsk at the thigh during exercise than that at rest, the most marked difference was found in these three paraplegics. The difference between Tsk at the thigh at rest and during exercise was significant in paraplegics (P<0.05). In addition to the Tsk at the thigh, significant differences in the Tsk at the abdomen and calf between rest and exercise were found in paraplegics (P<0.05). Figure 3 represents the Tty at 25°C at rest and during exercise. Although several subjects showed increased Tty during exercise compared with those at rest, no systematic differences related to the level of the SCI were found. Furthermore, the difference between rest and exercise in paraplegics was not significant. However, at 33°C, the Tty during exercise was significantly greater than those at rest in all paraplegics and AB as shown in Fig. 4 (P<0.05) . When compared with the Tty at 25°C, Tty at 33°C was higher at rest and during exercise in all paraplegics.
Results
The response pattern of SBFT during exercise at 25°C was fundamentally dependent on the level of the SCI. Figure 5 shows the time course of SBFT during exercise in paraplegics and the mean values of AB. In subjects F to L and all AB, a clear increase in SBFT was observed during exercise. In contrast, no increase in SBFT was found in subjects B, C, and D. Although SBFT slightly increased during the first 2 minutes compared with the resting value in subjects A and E, there was no further increase in SBFT.
At 33°C, SBFT increased markedly and continuously during exercise in subjects F, G, K, and L similar to that of AB (Fig. 6 ). Although subjects E, H, I, and J also showed increased SBFT during exercise, the extent of the increase was less compared with AB. Subjects A, B, C, and D showed no increase in SBFT regardless of the exercise time. Figure 7 shows the relationship between SBFT and Tty at 25°C. The findings used in this figure were the final values in all paraplegics and the mean final values in the AB group during exercise. In this figure, the paraplegics are divided in two groups according to the response of SBFT. One group consisted of subjects A to E who showed little or no increase in SBFT and the other subjects F to L showed clear increase in SBFT. No specific correlation was found between Tty and SBFT at 25°C. In contrast to the measurements at 25°C, at 33°C a relationship between SBFT and Tty were different among three groups as shown in Fig. 8 . In subjects with an injury level between Th3 and Th10, SBFT was low despite the higher Tty. However, paraplegics with an injury level of Th11 to L1, 2 and AB showed a higher SBFT with lower Tty in comparison to paraplegics with an injury level of Th3 to Th10.
Discussion
The chest site where Tsk was measured in this study was not paralyzed in any paraplegics. This means that sweating and vasomotor activity in the chest remained intact. Therefore, the Tsk of the chest during exercise at 33°C exhibited a similar response to that at rest, because heat loss by sweating in this area was adequate to prevent an increase in the Tsk at the chest. However, the Tsk at the thigh at 33°C was higher in subjects A, B and C than the other subjects. The present findings disagree with those of Price and Campbell (1999) who found little change in Tsk at the thigh for paraplegics during exercise and attributed this to the loss of vasomotor control and reduced metabolic heat production in cool conditions at 21.5°C. The present findings were in accordance with the findings of Yamasaki et al. (2000) , who acknowledged increased Tsk at the thigh in paraplegics with high lesions in a hot environment (33.5°C). These investigations showed that ambient temperature significantly affects the Tsk in the paralyzed area in a paraplegic. The increase in Tsk at the thigh for paraplegics with high lesions may demonstrate decreased sweating capacity and consequent heat storage (Price and Campbell, 1999) . The Tty at 33°C was much higher than that at 25°C both at rest and during exercise in paraplegics in the present study. Some studies reported that paraplegics suffer from a condition of partial pikilothermia which means the body temperature of paraplegics is largely dependent on ambient temperature (Attia and Engel, 1983; Downey et al., 1969; Pollock et al., 1951) . Attia and Engel (1983) reported, under conditions beyond thermal neutrality, paraplegics possess a thermoregulatory set point which varies directly with ambient thermal conditions and this phenomenon is viewed as an adaptive thermoregulatory process following SCI.
No systematical variation was found in the Tty at 25°C; that is, Tty is independent of the level of the SCI and physical activity. Meanwhile the Tty at 33°C in paraplegics during exercise was significantly greater than that at rest, which indicated pronounced heat stress for paraplegics at 33°C. In general, exercise in a hot environment acceler- ates the sweating response and vasodilation for heat loss from the body. In AB, it has been demonstrated that skin blood flow is increased by cutaneous vasodilation to accelerate heat loss during dynamic exercise (Johnson and Rowell, 1975; Wenger et al., 1975; Kenney and Johnson, 1992) . However, sweating response in a paraplegic is injured basically according to the level of the SCI Normell, 1974; Silver et al., 1991; Tam et al., 1978) . Furthermore, SBFT which can be regarded as an index of vasodilation in the thigh is also affected by the level of the SCI (Cooper et al., 1957; Freund et al., 1984; Muraki et al., 1995; 1996a , 1996b . Especially in paraplegics with high lesions, who have impaired sympathetic vasomotor function in the lower limbs, it has been suggested that skin blood flow is unchanged by exposure to a high temperature (Cooper et al., 1957; Guttmann et al., 1958; Yamasaki et al., 2000) . In the present study, at both 25°C and 33°C, paraplegics with high lesions also showed no increase in SBFT irrespective of the time duration of exercise. In this case, heat produced in the body was accumulated and caused a core temperature increase. During exercise Muraki et al. (1996b) pointed out that SBFT in paraplegics with high lesions (Th6 to Th12) remained unchanged, while that in paraplegics with low lesions (T12 to L5) began to elevate markedly when the Tty exceeded a threshold temperature of 36.69°C. In the present investigation, the Tty was already over 36.69°C in most subjects at 25°C and in all at 33°C. For this reason, paraplegics with low lesions in the present study showed consecutive increases in SBFT during exercise.
Yamasaki et al. (2000) reported a significantly positive relationship of SBFT to Tty in paraplegics with low lesions and AB at rest during heat exposure. This finding by Yamasaki et al. (2000) was obtained by continuous observation of SBFT and Tty in the time course of heat exposure. In the present study, we longitudinally analyzed the relation between Tty and SBFT using the last measurement during exercise in all subjects. The relationship between Tty at 33°C and SBFT was negative, as shown in Figure 8 . Paraplegics with high lesions (Th3 to Th10) showed increased Tty with little increment in SBFT. In contrast, in AB, SBFT was significantly greater and Tty was lower than paraplegics with high lesions. The findings of paraplegics with low lesions were intermediate between paraplegics with high lesions and AB. These findings demonstrated that SBFT in the paralyzed area played an important role in body temperature regulation in paraplegics.
In conclusion, paraplegics with high lesions showed a greater core temperature without any increment in SBFT compared with those with low lesions and AB. Accordingly, heat loss by vasomotor activity in the paralyzed area was useful to maintain body heat balance in paraplegics. Since sweating is one of the most important factors for body temperature regulation in a hot environment and, moreover, is mainly dependent on the level of the SCI, sweating response should be measured in future research.
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